Smart Material Hydraulic Actuators (SMEHAs) allow highenergy-density materials, such as piezoelectrics and magnetostrictives, to be used to develop compact, high-power actuators. Hydraulic rectification using check valves converts the high-frequency, small-displacement motion of a smart material to large displacements of a hydraulic actuator. In this paper, the performance of a magnetostrictive actuator is evaluated over a range of input frequencies and loading conditions and compared to model results of the overall system. The system's dynamic performance is found to depend highly on the response of both the check valves used to rectify the motion of the smart material driver and the fluid system, including the passages connecting the smart material pump to the output hydraulic cylinder. Using AMESim, a model is developed for the response of the system and compared to experimental results.
INTRODUCTION
High energy density smart materials such as magnetostrictives and piezoelectrics are potentially useful for developing compact, lightweight actuators. However, these materials produce small displacements. Electro-hydraulic actuators use hydraulic rectification to overcome this limitation; the smart material drives a pumping piston and check valves transform the high-force, high-frequency oscillations into large output motions of a hydraulic cylinder.
One way to increase the performance of a smart material electro-hydraulic actuators (SMEHAs) is to increase the frequency of oscillation of the pumping piston. This should increase the amount of high-pressure fluid supplied to the output hydraulic cylinder, creating higher power output. Many smart material drivers can operate in the kilohertz range, as demonstrated by Bridger et. al. [1] , but for typical actuator systems the performance decreases above a few hundred hertz (Table 1) . This effect is due to fluid losses (inertia and resistance) and the dynamic response of the check valves.
A significant effort has been made to improve the frequency response of the check valves used for SMEHAs. Early systems used either commercially available ball-spring valves or custom disc-spring valves, which limited their peak performance to below 100 Hz [9] [10] [11] . More recent designs use check valves that consist of a thin metal reed covering an inlet port [2, [4] [5] [6] 8] . These single reed-type valves enabled increased performance up to several hundred hertz. In order to expand the performance into the kilohertz range, miniature check valves have been developed [12] [13] [14] [15] . Smaller valves are designed with less mass to increase the frequency response, with multiple valves arranged in an array to decrease flow resistance losses. While miniature reeds have been shown to successfully rectify fluid flow, their impact on the overall performance of the system was limited due to the limited bandwidth of the fluid system, which includes the pumping chamber, output cylinder, and connecting passages [15] .
This paper presents a model that was developed to analyze the effect of the fluid system on the overall performance of the a smart material hydraulic actuator. Model equations for the individual components that make up the system, including the smart material driver, reed valves, and fluid system, are expressed and AMESim is used to calculate the system performance. The model results are validated with experimental measurements of the performance of a SMEHA system. The validated model can then be used to identify the key factors limiting the system performance.
MODEL DEVELOPMENT Reed Valve Model
Previous studies by the authors have characterized the reed valves by comparing 3-D finite-element models with experimental measurements of the steady-state flow and corresponding pressure differential across the valves [16] . For a system model, it is desirable to express the performance of the valves in a form suitable for efficient computation. The opening area of the reeds is relatively small; therefore, the pressure differential ∆P for a given flow Q can be expressed by the orifice flow equation
with the coefficients set to the typical values for a sharp-edged orifice: n = 2, C d = 0.61 (Figure 1 ). Since the pump is operated at a frequency below the first natural frequency of the reed valve, the flow area A is calculated assuming that the deflection of the reed corresponds to the first bending mode of a cantilever beam ( Figure 2 ). This results in an area of 8.5 mm 2 for every mm of tip displacement [17] . The opening of the reed valve is determined by the stiffness, which was calculated using a finite element model based on the Figure 2 ). This value is equal to the stiffness of a rectangular cantilever beam of similar size to the reed (5 mm x 6 mm x 0.127mm). The fluid resistance model for the valves does not take into account the dynamic response (inertia) of the reed. The valve is assumed to respond instantaneously to the fluid flow, which is a reasonable approximation since the natural frequency of the reed is significantly higher than the fluid oscillation frequency. A key factor in calculating how much the reed valve opens is determining the amount area upon which a pressure differential acts. The area was calculated from a linear fit of the static-testing results for the reed, although similar results were determined from a finite-element model of the flow over the reeds [16] . The pressure acts on an area slightly larger than the inlet area but smaller than the size of the reed tip ( Figure 3 ).
Mechanical Sub-system
The response of Terfenol-D depends on many factors including the amount of preload, the temperature, and the operating frequency. This makes the general response nonlinear; however, a linear model is found to be sufficient for modeling the SMEHA system. The forces acting on the pumping piston include the stiffness and damping of the Terfenol-D driver, k p and b p , and the pressure of the fluid in the pumping chamber, P ch (Figure 4) . A magnetostrictive coupling coefficient, α relates the force response of the Terfenol-D driver to the applied current I [6] . The piston position x p is given by where m p represents the effective mass of the piston, metal sealing diaphragm, and Terfenol-D driver. Similarly, the output hydraulic cylinder position x out , is given by where m out , k out , and b out are the mass, stiffness, and damping of the output hydraulic cylinder and any applied load. The pressure difference acts on the cylinder area A out from the high-and low-pressure sides (P hs and P ls ). The force from external loading F ext , due to applied weights in this case, and friction F f are also considered.
Fluid Sub-system
The layout of the fluid passages within the system is shown in Figure 5 . The fluid system is modeled using a lumpedparameter approach; each section of fluid passage (labeled A-H) is represented by one or more nodes which represent the passage with an equivalent resistance R, inertia L, and compliance C, given by
for a length l of fluid passage with diameter d. This results in two differential equations for the pressure P and flow Q at each node ( Figure 6 ),
The larger volumes of fluid in the system, including the pumping chamber P ch , high-pressure side of the output cylinder P hs , and low-pressure side of the pumping chamber P ls , are modeled using the fluid compliance given by the bulk modulus β and 
AMESim Implementation
The system model is implemented using the 1D, multidomain simulation software AMESim. Figure 7 shows the circuit diagram for the complete model, which includes the mechanical components (green) of the smart material driver and output cylinder mass, hydraulic components of the pumping piston output hydraulic cylinder (red), and hydraulic lines (blue). Table 2 FIGURE 7. AMESim implementation of SMEHA system. summarizes the dimensions of the fluid hydraulic lines of the system. The parameters of the Terfenol-D driver and output hydraulic cylinder are summarized in Table 3 . The bulk modulus of the fluid depends highly on the amount percentage of entrained air, which is assumed to be 0.5%. Friction is modeled using a static friction force of 110 N(25 lb) and a dynamic friction force of 2.2 N (0.5 lb), which are based on measurements of the force required to manually displace the output cylinder.
PERFORMANCE TESTING
The performance of a smart material actuator was evaluated over a range of input frequencies from 100-1600 Hz. The actuator is driven by a 114-mm-long, 13-mm-diameter Terfenol-D rod. A constant sinusoidal current of 3.5 A RMS was applied at all frequencies, with a bias DC current to prevent frequency doubling of the magnetostrictive driver. A bias pressure of 2.59 MPa (375 psi) was applied with a nitrogen-charged accumulator to preload the Terfenol-D driver, which prevents damage to the relatively brittle rod by keeping it in compression and improves the performance by favorably aligning the magnetic domains. In addition, the bias pressure prevents cavitation. Mobil DTE-24 hydraulic fluid was used for testing; the density of the fluid is 871 kg/m 3 and the kinematic viscosity is 80 cSt at room temperature. Figure 8 shows the setup of the actuator used for testing. A National Instruments cDAQ-9178 system was used to record the test data and generate the drive signal, which was amplified using an AE Techron LVC 5050 linear amplifier. The output cylinder position was recorded using a string potentiometer, and a strain gage was used to measure the Terfenol-D strain. Two Sensotec TJE-5000 psi pressure sensors were provided to mea- Output cylinder area sure the pressure on the both the high and low pressure sides of the output hydraulic cylinder. However, previous testing found that the extra volume associated with the high-pressure side sensor decreased the performance of the system, so the performance was evaluated using the output cylinder velocity only with the sensor volume closed off by a needle valve (at section H, Figure 5 ) [2] .
MODEL VALIDATION
The experimental results show two peaks in the response over the frequency range (Figure 9 ), which is typical of SMEHA systems. The AMESim model results match this overall trend of the response, including the peaks at 275 Hz and 900 Hz.
The flow rates at frequencies of 500 Hz and above are overpredicted by the model. This is likely due to the simplified linear Terfenol-D model used in the system. Effects such as the change in Terfenol-D modulus with frequency and eddy current losses are not taken into account in the model; these decrease the performance of the experimental system, especially at higher frequencies. Valve dynamics also would be expected to play an increasing role as the pumping frequency increases, which also reduce the performance of the system due to any phase lag or reverse flow allowed by the valves.
CONCLUDING REMARKS
A model for the performance of a smart material hydraulic pump was developed which includes an experimentally-verified model of the one-way reed valves. The model results show that the design of the fluid system is critical for determining the overall bandwidth of operation of the system, as the frequencies where the peak responses occur are identified using a simplified linear Terfenol-D model and neglecting the reed valve dynamic response. The model is implemented in a form that allows for optimization of the fluid system to improve the performance of future designs by increasing the frequency bandwidth of operation of the system.
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